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A B S T R A C T
Variable Speed (VS) Pumped Storage Plants (PSP) equipped with large asynchronous (Doubly-Fed In-
duction) machines are emerging now in hydropower applications. Motoring mode of operation of Doubly-
Fed Induction Machine (DFIM) is essential and techno-economical in this application due to: (1) its
uniqueness in active power controllability, (2) bulk power handing capability with less rated power con-
verters in rotor circuit, and (3) integrating Renewable Energy Sources (RES). This paper investigates the
performance of two DFIMs at different power ratings (2.2 kW and 2 MW) under voltage sag with differ-
ent attribute. The test results are analyzed in terms of the peaks in torque, speed, power taken and transient
currents in rotor and stator circuits. During sag, stable region for DFIM operation along with speed and
stator side reactive power input control is also illustrated. The negative effects of voltage sag are brieﬂy
discussed. MATLAB simulation is validated with experimentation. The various observations during sim-
ulation and experimental analysis are also supported by the theoretical explanations.
BY-NC-ND license (http://creativecommons.org/ licenses/by-nc-nd/4.0/).
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20161. Introduction
The VS motor-system technology is most signiﬁcantly used in
various ﬂuid-handling applications (fans, pumps and compres-
sors) for adjustable ﬂow and head [1]. The conveyors, lifts and
centrifugal machine tools are other possible applications that are
beneﬁted by VS technology [1]. The power electronic converter as
Variable Speed Drives (VSDs) coupled in series with three-phase
AC motors (synchronous machine/mostly used squirrel-cage in-
duction motor) have become a prominent and standard VS system
that alleviates other practical technologies like hydraulic, mechan-
ical gear-box and DCmotors [1,2]. In induction or synchronousmotor,
the supply frequency is directly linked with speed of rotating mag-
netic ﬁeld. Therefore, the two stage (AC-DC-AC) power electronic
converters provide supply at variable frequency and voltage mag-
nitude, hence the desired speed and torque are obtained [3–5].
With stern rule and regulation for environmental awareness
worldwide, more attention has been paid to cheap and clean energy
generation [6]. Therefore, in 2013 an astonishing expansion of 22.1%
of total energy generation was achieved by RES throughout world
[7]. Continuous growth in RES generation opportunities and chal-
lenges, both today and tomorrow, can mitigate greenhouse gas* Corresponding author. Tel.: +91 9456993646, fax: +91 1332271073, 273560.
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2016emission from conventional generation [8–10]. However, uncer-
tainty and volatility is always associated with RES, hence an
unpredictable power production can result to high power ﬂuctua-
tions in interconnected grid system that can even lead to failure of
the entire system [11]. In such a scenarios, energy storage devices
are desirable at different locations, so that surplus power in the grid
can be stored and used during low-power or no-power generation
periods. The available energy storage is in the form of batteries [12],
superconducting magnet energy storage, ﬂywheel energy storage,
regenerative fuel cell storage, compressed air energy storage and
PSP [13,14]. However, large capacity (both quantity and duration)
of energy storage is available with PSP, which is economical and com-
mercially viable. Subsequently, PSP provides quick response for
change in grid frequency and unscheduled change in system loading
[14]. PSP can store excess available energy in the form of gravita-
tional potential energy by pumping water at motoring mode, and
deliver the stored energy during demands at generating mode. The
entire process does involve some ﬁnancial loss, but availability based
tariff compensates losses and generates more revenues [15].
The advantages of VS pumping operation is illustrated in Fig. 1a.
For ﬁxed impeller diameter of the pump, the operating domain at
constant speed of any pump in term of head and ﬂow rate is de-
picted in Fig. 1a [16]. The sub- and hyper-synchronous VS operation
of pump signiﬁcantly increases the operating range of PSP, as shown
in Fig. 1. In pumps, the power consumption is proportional to the
cube of speed, as shown in Fig. 1b. It is compulsory for the VS
pumping operation to deal with available ﬂuctuating power in grid,g/licenses/by-nc-nd/4.0/).
produced by RES. This can be obtained through synchronous motor
(either permanent magnet or electrical excitation) or DFIM [17,18].
These machines offer several advantages that include active power
control in pumping mode, reactive power control at the intercon-
nection point and instantaneous active power injection in the grid
(ﬂy-wheel effect) [19,20]. However, from themachine selection point
of view, converter cost for speed control of machine is a very im-
portant index [19,21]. As speed variation of ±30% around the
synchronous speed is usually required in pumping, the power rating
of the converter is reduced in line with DFIM. When judged against
fully-fed synchronous motor with full size converter for speed
control, the DFIM put forward the advantage of VSDwith four quad-
rants active–reactive power controls and lower power losses and
converter cost [22]. The grid connected topology of DFIMwith Rotor
Side Converter (RSC) for speed (sub- and hyper-synchronous) and
stator side reactive power input (Qs) control is depicted in Fig. 2.
1.1. Literature review
Voltage sag is one of the severe PQ problems to be dealt with
by the industrial power sectors. Voltage sags are usually linked with
system faults but can also be caused by switching heavy loads or
starting large motors [23]. The various classiﬁcation of three-
phase voltage sags are discussed in References [23,24]. Voltage sag
causes severe process disruptions and sometimes electrical sensi-
tive load often trip or shut-down resulting poor quality products
and substantial economic loss. In such a circumstance, it is crucial
to know the PSP function when the voltage sag occurs and what
methods are used for mitigating the effects of voltage sag.
Voltage sag’s inﬂuence on DFIM at generating mode has been
studied throughout the literature as this machine is widely used
in remotely located wind farms [25–30]. The brief theoretical study
for symmetrical and asymmetrical sag along with simulation val-
idation is presented in Mohseni et al. [25]. There are two main
problems that must be overcome in DFIM generating system during
the voltage sag. The ﬁrst one is the DC link overvoltage, and the
second one is peak rotor fault current, which exceeds the Rotor
Side Converter (RSC) limit. In wind ﬁrms crowbar protection is used,
which is designed to operate for high transients in rotor currents
caused by disturbance in stator voltage [26,27]. During crowbar
operation rotor terminal is shortened and RSC is deactivated. Crowbar
current settling time to zero has prominent impact of voltage re-
covery after fault. The detailed impact of the timings of crowbar
removal and RSC reactivation on system voltage recovery is inves-
tigated in Foster et al. [26]. During crowbar operation, the machine
behaves as conventional ﬁxed speed induction generator, thus there
is active and reactive power control failure. Rolan et al. [28] rep-
resent coordinated control of RSC and Grid Side Converter (GSC)
to improve the low-voltage ride-through capability. The RSC and
stator damping resistors are used to limit the peak rotor current
and to reduce the oscillations and settling time during the voltage
sags. Subsequently, the GSC is controlled to limit the DC-link over-
voltage during voltage sags. In yet another study [29] a
comprehensive description of symmetrical voltage sag effects on
DFIM behavior in generating mode is discussed. Fault (sag) clear-
ing process (abrupt or discreet voltage recovery) has a strong
inﬂuence on rotor voltage as it controls the rotor current.
Chondrogiannis and Barnes [30] develop the mathematical formu-
lae for the peak rotor fault current and required rotor voltage
magnitude under vector control. So far in literature, more empha-
sis is given to controller design to manage DC link over-voltage
and rotor peak currents as it can cause the RSC failure; this may
further weaken grid performance.
Zhang and Ooi [31] show that doubly-fed induction generator
used in wind farms is appropriate for motoring operation also. This
adoption is straightforward and requires three-phase auto-
transformer for starting. The same back-to-back converter can be
utilized for full speed ranges that were being employed during gen-
erating mode. Theoretically, DFIM can work up to twice of the
(a) Operating domain of pump with VS [16] (b) Power consumption at various speeds
Fig. 1. The pump characteristics with VS technology.
Fig. 2. DFIM topology for VS operation.
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synchronous speed, depending upon rotor side frequency and power
ﬂow. Another beneﬁt of DFIM system is that it can run at rated speed
by shortening the rotor windings when the converters are under
maintenance. Yuan et al. [32] eliminated the role of three-phase auto-
transformer and proposed a new method of starting with RSC by
constant volts/hertz. As a result, the machine can operate effec-
tively in full speed range after combining motor starting by constant
volts/hertz control and vector control speed regulation. In yet another
study [33], steady state characteristics of DFIM at unity power factor
synchronized with mathematical model is discussed and demon-
strates the effect of rotor voltage magnitude and frequency on load
torque and speed, respectively.
Twenty years ago a high performance ﬂux oriented control [5]
was reported to control active and reactive power ﬂows of the stator
independently, through the use of quadrature and direct rotor current
components. However, it requires online exact rotor position in-
formation. The same has been discussed in Hopfensperger et al. [34]
with or without rotor position encoder. High performance control
capability without rotor position encoder discussed in Hopfensperger
et al. [34] serves as a foundation for sensor-less control. Karthikeyan
et al. [35] discuss implicit position and speed estimation algo-
rithm for rotor side control of DFIM drive. Rotor current phase
reversal is also validated when speed is changed from sub-
synchronous to hyper-synchronous region. Rotor ﬂux linkage based
sensor-less speed/position estimation is also discussed in Xu and
Cheng [36], but fails at synchronous speed because rotor voltage
magnitude is very small, hence ﬂux integrator doesn’t give precise
value. Mohammed et al. [37] discuss excitation current based speed/
position estimation for avoiding controller failure near synchronous
speed.
1.2. Contribution
So far, the available literature has focused on starting and speed
control of DFIM in motoring mode, with or without rotor position
and speed estimation. However, the inﬂuence of voltage sag on DFIM
has not been studied so far. With increasing penetration of renew-
able energy generation to electrical power system, the installation
of PSP equipped with DFIM is emerging at present. The perfor-
mance of DFIM under voltage sag and other disturbances becomes
a key issue to be addressed, especially when power electronics con-
verters are involved. In this study, the DFIM performance under
voltage sag is analyzed theoretically (presented in Section 2). The
DFIM mathematical model for RSC based speed control is devel-
oped and considered for simulation purpose [38–40] (described in
Section 3). Voltage sag characterization, its effects on DFIM and vari-
able of interest during sag like peaks in torque, current (stator and
rotor currents), and total power taken from grid and speed loss are
presented in Section 4. In Matlab/Simulink software, starting and
steady-state conditions are achieved. The symmetrical voltage sag
type-A (abrupt recovery) and asymmetrical voltage sag type-B and
type-C were created and applied to the test machines (2.2 kW and
2 MW). The inﬂuence of voltage sag on performance of DFIM in
steady state conditions are studied and analyzed with the support
of experimental results in Section 5. The voltage sag ride-through
DFIM system is illustrated and ﬁnally the paper concludes in Section
6.
2. Theoretical analysis of DFIM under voltage sag
In this section, the theoretical analysis of DFIM inmotoringmode
under symmetrical voltage sag is presented in order to validate the
simulation and experimental results. During steady-state opera-
tion of DFIM, the stator windings are connected to constant frequency
and constant three-phase amplitude while the rotor windings are
connected to variable voltage and frequency three-phase voltages
supplied by RSC. The RSC provides a three-phase voltage with vari-
able amplitude and frequency in order to control the machine speed
(active power) and the reactive power exchanged between the stator
and the grid. The rotor voltage frequency will be the difference
between the stator frequency and the mechanical speed in elec-
trical radians.
The differential equations representing the model of the DFIM
are derived, using the space vector notation in the stator refer-
ence frame. The stator and rotor voltage equations are as follows:
 

v R i
d
dts
s
s s
s s
s
= +
Ψ (1)
 

v R i
d
dtr
r
r r
r r
r
= +
Ψ (2)
The superscripts “s” and “r” represent the space vectors that re-
ferred to stator and rotor references. Contrary, the correlation
between the ﬂuxes and the currents, in space vector notation, is given
by
  
Ψss s ss m rsL i L i= + (3)
  
Ψrr m sr r rrL i L i= + (4)
Stator and rotor inductances, related to stator and rotor leakage
inductances, can be indicated through following expressions:
L L Ls s m= +σ (5)
L L Lr r m= +σ (6)
where σ = −1
2L
L L
m
s r
.
From Equations (3) and (4) the rotor ﬂux in rotor reference frame
can be calculated as follows (see Appendix A):
  
Ψ Ψrr m
s
s
r
r r
rL
L
L i= + σ (7)
From Equations (2) and (7) the rotor voltage can be yielded as
follows:
  
v
L
L
d
dt
R L
d
dt
irr
m
s
s
r
r r r
r
= + +⎛⎝⎜ ⎞⎠⎟Ψ σ (8)
Thus the rotor voltage can be divided into two terms. The ﬁrst
term (

err) presents the EMF induced in rotor by the stator ﬂux, and
the second term appears due to ﬂow of current in rotor windings.
The EMF induced in rotor varies considerably during grid
disturbances.
2.1. Normal operation of DFIM
The space vector of the stator voltage can be presented in a
rotating vector of Vg (grid voltage), which rotates at synchronous
speed ωs:

v V ess g j ts= ∗ ω (9)
In steady-state operation the stator ﬂux can be presented as
follows:

Ψss g
s
j tV
j
e s= ∗
ω
ω (10)
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From the rotor point of view, the rotational speed of stator ﬂux
is the difference between the synchronous speed and the electri-
cal rotor speed; that is also called the slip frequency (ωr). So the stator
ﬂux in rotor reference of frame can be indicated as follows:
 
Ψ Ψsr ss j t g
s
j t j t g
s
j te
V
j
e e
V
j
em s m r= = ∗ = ∗∗ ∗− −ω ω ω ω
ω ω
(11)
This ﬂux will induce EMF (ﬁrst term of Equation (8)) propor-
tional to the slip frequency:
  
e
L
L
d
dt
j
L
Lr
r m
s
s
r
r
m
s
s
r
= =Ψ Ψω (12)
2.2. Operation of DFIM during voltage sag
The space vector of the stator voltage can be presented as follows
before and during voltage sag. During sag the voltage drops below
rated but remains above zero and characterized by sag depth.

v
V e before sag
h V e during sags
s g
j t
g
j t
s
s
=
∗
⎧⎨⎩
∗
∗
ω
ω
(13)
In steady-state stator, ﬂux can be presented as follows before and
during voltage sag:

Ψss
g
s
j t
g
s
j t
V
j
e before sag
h
V
j
e during sag
s
s
=
∗
∗ ∗
⎧
⎨
⎪⎪
⎩
⎪⎪
ω
ω
ω
ω
(14)
The DFIM stator ﬂux dynamics are poorly damped, and due to
voltage sag, the stator ﬂux becomes oscillating. The magnitude of
oscillation depends upon the size of sag, and frequency of oscilla-
tion is close to the line frequency. Sudden reduction in voltage and
oscillating ﬂux causes severe speed drop during on-sag operation.
When the voltage is recovered, the ﬂux oscillation varies between
zero and close to twice the ﬂux oscillations in the beginning of the
sag [41]. These oscillations cause peak in stator phase currents, rotor
phase currents, torque and total power taken from grid after voltage
recovery (post-sag).
3. DFIM speed and stator side reactive power input control
Stator-ﬁeld-oriented vector control scheme is opted for control
of Qs and speed of DFIM in setting speed region, where d-axis is
aligned with stator ﬂux and reference frame rotates synchro-
nously with stator ﬂux. The suitable rotor side voltages urd and urq
are applied thereby to control the rotor d–q axes currents ird and
irq . Rotor current q-component enabling the machine torque and
stator active power is manipulated directly, whereas d-component
controls the stator reactive power because ﬂux in the machine is
mainly determined by stator voltage. The RSC control scheme in-
volves four Proportional Integral (PI) control loops: two inner current
control loops and two outer control loops for controlling Qs and
speed. Rotor voltage governing equations can be expressed as [5,38]:
u R i L
di
dt
L ird r rd r
rd
sl r rq= + −σ ω σ (15)
u R i L
di
dt
L
L
i irq r rq r
rq
sl
m
s
ms sl rd= + + +σ ω ω σ
2
(16)
where σ = − ( )1 2L L Lm s r .
For Stator-ﬁeld-oriented vector control, substituting ψ ψsd s= and
ψsq = 0 , the stator ﬂuxes can be given by Equations (17) and (18).
The magnetizing current ( ims ) generates the stator ﬂux, directed
along the d-axis. Therefore, the components of stator magnetizing
current with respect to d–q components of stator and rotor can be
obtained as per Equations (19) and (20) [35].
ψ ψsd s sd m rd sL i L i= + = (17)
ψsq s sq m rqL i L i= + = 0 (18)
i
L
L
i ims
s
m
sd rd=
⎡
⎣⎢
⎤
⎦⎥ + (19)
0 = ⎡⎣⎢
⎤
⎦⎥ +
L
L
i is
m
sq rq (20)
The rotor reference currents ird* and irq* derived from the outer
PI control loops where the errors of the actual and reference speed
and Qs are processed [35].
i k Q Q k Q Q
L
u L
ird p Q s s i Q s s
s
sq m
ms* * ( * )( )= − − − +( ) ( ) ∫ (21)
i k krq p r r i r r* * *( ) ( )= − + −( ) ( )ω ωω ω ω ω (22)
Further the cross coupling terms are subtracted for enhancing
the response of controller. The generated signals urd* and urq* are
thereby transformed to rotor phase variables hence desired speed
and Qs are achieved. The d–q axis rotor voltage is as follows:
u k i i k i i L ird pr rd rd ir rd rd sl r rq* * ( * )( )= − + − − ω σ (23)
u k i i k i i
L
L
i irq pr rq rq ir rq rq sl
m
s
ms sl rd* * ( * )( )= − + − + +ω ω σ
2
(24)
The principal of vector control can be applied to Grid Side Con-
verter (GSC) in a similar manner. GSC is used to maintain DC link
voltage stable [39] by controlling grid side d–q current compo-
nents. This DC link voltage works as an energy source for RSC.
Governing equation and design of GSC can be found in Pena et al.
[40]. Therefore, GSC and RSC are connected through DC link and
power can ﬂow in both directions. The direction of rotor power ﬂow
depends on mode of operation and setting speed region. In DFIM
operation, power ﬂow is negative (from rotor circuit) for sub-
synchronous speed region while it is positive (into rotor circuit) for
hyper-synchronous speed region. Due to the limitation in experi-
mental facility available in the laboratory, a simple scheme is
implemented for standard one-quadrant motor drive operation
(hyper-synchronous motoring). System cost and complexity are
reduced by using grid side diode-bridge converter.
4. Voltage sag characterization and its effects on DFIM
4.1. Sag classiﬁcation
Table 1 classiﬁes the categories of voltage sags according to IEEE
standard [23]. Voltage sag (dip) is basically the decrease in RMS
voltage between 0.1 pu and 0.9 pu, with duration between 0.5 cycles
Table 1
Type of voltage sag [42].
Categories Typical duration for 50 Hz Typical voltage
Magnitude
Instantaneous sag 0.5–30 cycles (10–600 msec) 0.1–0.9 pu
Momentary sag 30–150 cycles (600 msec–3 sec) 0.1–0.9 pu
Temporary sag 150–3000 cycles (3 sec–60 sec) 0.1–0.9 pu
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and 1min. The various classiﬁcations of three-phase voltage sag are
discussed in Bollen [24]. Voltage sags can be either symmetrical or
unsymmetrical. If the individual phase voltages are equal in mag-
nitude and the phase relationship is 120°, the sag is symmetrical,
otherwise the sag is unsymmetrical [43]. Fig. 3 shows the symmet-
rical voltage sag type-A caused by three phase fault and asymmetrical
voltage sags type-B and type-C caused by single phase and double
phase faults, respectively.
It is considered that fault occurred in three phases is cleared in-
stantaneously and then sag is representation as abrupt (type-A).
Voltage sag can be cleared in two or three steps also. RMS voltage
waveform for type-A (abrupt) sag, type-A1 (two-step discrete) sag
and type-A3 (three-step discrete) sag are shown in Fig. 4. The pos-
sibilities for discrete recovery symmetrical sags are denoted by ﬁve
cases i.e. A1, A2, A3, A4 and A5, which can be found in Table 2. It should
be noted that effects of two-step discrete recovery (type-A1 and type-
A2) and three-step discrete recovery (type-A3 and type-A4) are the
same. Type-A3 and type-A5 are only differing in homo-polar se-
quence component. Thus their effects are identical if fault occurs
at different voltage level. Therefore, only type-A1 and type-A3 are
considered for analysis. In general symmetrical sag is described by
three parameters, namely sag depth (h), sag duration (Δt) and fault
current angle (Φ).
4.2. Effects of symmetrical voltage sag with abrupt recovery
Fig. 5 illustrates the behavior of 2.2 kWDFIM stator currents, rotor
currents and total instantaneous power taken from gridwhen subject
to symmetrical sag depth h = 0.6 with abrupt recovery (type-A) at
four different durations: Δt = 5T, Δt = 5.25T, Δt = 5.5T and Δt = 5.75T.
The Qs and speed of DFIM are controlled through RSC, which pro-
vides desired frequency supply and voltagemagnitude. The following
observations can be made from Fig. 5.
(1) RSC can tolerate peak of rotor fault current up to its maximum
limit. Here we noticed that the peak of rotor fault current is
2.3 pu for h = 0.6, Δt = 5.75T and Φ = 90°. The peak of rotor
fault current increases depends on voltage sag depth or du-
ration. Therefore, suitable rotor fault current control or voltage
sag mitigation techniques are required for RSC protection.
(2) Total instantaneous power taken from grid is maximum
(5.554 pu) when sag duration Δt = 5.75T, and minimum
(4.037 pu) when sag duration is Δt = 5.25T. Power taken by
DFIM system is changed for the same sag depth at different
durations. This peak occurs when voltage recovers (post-
sag) as shown in Fig. 5. Therefore, the post-sag operation of
DFIM produces power ﬂuctuations.
(3) Stator current increases during voltage sag depends on sag
depth while peaks during post sag depend on sag duration.
Fig. 5 shows maximum peak in stator currents at Δt = 5.75T.
(4) Drop in torque and speed is also obtained during symmet-
rical sag. DFIM system can withstand up to certain sag depth
or duration, for high depth or duration the entire system will
stall. Table 3 shows the stable/unstable operation region of
grid connected DFIM system for different sag depth and du-
ration at 0.75 pu load and 1.1 pu speed.
4.3. Effects of symmetrical voltage sag with discrete recovery
In order to clarify the effects of symmetrical voltage sag with dis-
crete recovery, Fig. 6 shows the supply voltage with abrupt recovery,
two-step recovery and three-step recovery when h = 0.5, Δt = 4T
(3.00–3.08 sec), Φ = 90°. The corresponding on-sag effects on stator
phase currents, rotor phase currents and total power taken from grid
are similar but post-sag effects depend on voltage recovery. For
abrupt voltage recovery, Fig. 6a shows peak in stator currents
(3.132 pu), rotor currents (1.93 pu) and total power taken from grid
(2.418 pu). As a result of two-step voltage recovery, Fig. 6b shows
peaks in stator currents (2.848 pu), rotor currents (1.744 pu) and total
power taken from grid (2.372 pu). It is noted that peaks are reduced
signiﬁcantly for two-step voltage recovery. These peaks are further
reduced for three-step voltage recovery; Fig. 6c clearly shows peaks
in stator currents (2.844 pu), rotor currents (1.715 pu) and total power
taken from grid (2.339 pu). Thus, this example demonstrates that
the increase in steps for voltage recovery smoothed the voltage sag
effects. The severe effects of abrupt voltage recovery are more
Fig. 3. Three phase voltages for three phase fault (Type-A sag), single phase fault (Type-B sag) and double phase fault (Type-C sag).
Fig. 4. RMS voltage for symmetrical sag caused by three-phase-to-ground fault (a)
sag with abrupt voltage recovery or type-A (b) two-stage discrete voltage recovery
or type-A1 (c) three-stage discrete voltage recovery or type-A3.
Table 2
Type of discrete recovery symmetrical voltage sag [44].
Type First recovery Second recovery Third recovery
A1 n a360° − +α Φ n a360 90° − + + °α Φ −
A2 n a360 90° °− + +α Φ n a360 180° °− + +α Φ −
A3 n a360° − +α Φ n a360 60° °− + +α Φ n a360 120° °− + +α Φ
A4 n a360 90° − + + °α Φ n a360 150° °− + +α Φ n a360 210° °− + +α Φ
A5 n a360° − +α Φ n a360 60° °− + +α Φ n a360 120° °− + +α Φ
n = 0, 1, 2
αa = phase angle of phase-a voltage.
Φ = fault current angle (equal for all sag types).
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pronounced for the same sag depth when fault clearing process is
considered.
4.4. Variable of interest
In this paper, the variables chosen to study the behavior of DFIM
during voltage sags are peaks in stator currents, rotor currents, torque
and total power taken from grid. The peak fault currents are re-
sponsible for winding damage and converter failure. Speed loss due
to voltage sag is also considered. All values are calculated in pu quan-
tities as shown in Equations (25) to (29).
I pu
I
I
I t I t I
peak s
peak s
rated s
a s b s c s
( )
( )
( )
( ) ( ) ( )( ) = = ( ) ( )
2
max , , t
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Fig. 5. Inﬂuence of symmetrical type-A voltage sag (abrupt recovery) on stator currents, rotor currents and total power taken from grid at 0.75 pu load and 1.1 pu speed:
sag depth h = 0.6, Φ = 90° and sag duration; Δt = 5T (3–3.1 sec) (b) Δt = 5.25T (2.995–3.1 sec) (c) Δt = 5.5T (2.99–3.1 sec) (d) Δt = 5.75T (2.985–3.1 sec).
Table 3
DFIM operation during various voltage sag depth or duration.
Voltage sag depth
0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1
Symmetrical (type A) voltage
sag duration in cycles
Instantaneous sag 0.5T X Y Y Y Y Y Y Y Y
1 T X Y Y Y Y Y Y Y Y
2 T X Y Y Y Y Y Y F F
3 T X Y Y Y Y Y Y F F
4 T X Y Y Y Y Y F F F
5 T X Y Y Y Y F F F F
10 T X Y F F F F F F F
15 T X Y F F F F F F F
20 T X Y F F F F F F F
25 T X Y F F F F F F F
30 T X Y F F F F F F F
X = DFIM system is running without reduction in speed and torque.
Y = DFIM system survives with signiﬁcant reduction in speed and torque.
F = DFIM system fails.
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5. Behavior of DFIM during symmetrical voltage sag
A 2.2 kW and 2MW three-phase slip ring induction motors have
been used as a DFIM for simulation purpose. The experimental tests
have been performed through 2.2-kW model in this investigation.
The speciﬁcations of 2.2 kW motor are given in Appendix B. The
2 MW machine parameters are taken from Abad et al. [45]. DFIM
is started bymeans of two switches, S1 and S2, and three-phase auto-
transformer connected to stator windings shown in Fig. 7. The
hardware experiment test photograph is shown in Appendix C.
During starting, switch S1 is closed and S2 is open, three-phase
voltage is varied to rated value and machine speed reaches to its
no load speed. Switch S1 is open and S2 is closed at time t1 sec and
converter is connected to rotor windings, which regulate the
DFIM speed at hyper-synchronous region and Qs to zero by the
vector control scheme. At time t2 sec, 0.75 pu load is applied to
machine and steady-state hyper-synchronous mode of operation
is achieved at 1.1 pu speed. The Fig. 8a shows simulation results
for torque proﬁle (ref. and actual), speed curve (ref. and actual),
stator phase currents, rotor phase currents and total power taken
from grid during starting and steady-state operation. Fig. 8b
shows stator phase voltage and current waveform when machine
is started and they becomes in phase when RSC is connected
which ensure Qs = 0.
5.1. Simulation results analysis
Fig. 8c–f shows the peaks as per Equations (25) to (28), respec-
tively, when subjected to a symmetrical type-A (abrupt recovery)
voltage sagwith h = 0.5, Δt = 4T (3.00–3.08 sec), Φ = 90°. Fig. 8g shows
speed loss as per Equation (28). In order to realize the behavior of
DFIM during on-sag and post-sag, ﬁrst wewill assume that the DFIM
is operating in steady-state condition and RSC is supplying the oblig-
atory voltage and current.
(a) (b) (c)
Fig. 6. A 2.2 kW DFIM simulation results for inﬂuence of voltage sag on stator currents, rotor currents and total power taken from grid at 0.75 pu load and 1.1 pu speed:
h = 0.5, Δt = 4T (3.00–3.08 sec), Φ = 90° (a) abrupt (type-A) recovery (b) two-step (type-A1) recovery (c) three-step (type-A3) recovery.
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If GSC is fully controllable similar to RSC, the bidirectional power
ﬂow is possible in the rotor circuit, which offers sub- and hyper-
synchronous speed operation of DFIM. The effects of voltage sag on
a 2 MW DFIM performance are shown in Fig. 9 for sub- and hyper-
synchronous operation. When DFIM is operating in steady-state at
rated load and 1350 rpm (sub-synchronous speed operation), the
symmetrical type-A (abrupt recovery) voltage sagwith h = 0.5, Δt = 4T
(21.00–21.08 sec), Φ = 90° is applied and the absolute peaks in various
interest parameters are shown in Fig. 9a. When DFIM is operating
in steady-state at rated load and 1650 rpm (hyper-synchronous speed
operation), the symmetrical type-A (abrupt recovery) voltage sag
with h = 0.5, Δt = 4T (31.00–31.08 sec), Φ = 90° is applied and the ab-
solute peaks in various interest parameters are shown in Fig. 9b.
The high inertia and stator ﬂux oscillation (during post-sag) in high
rating DFIM signiﬁcantly increases the settling time of the inter-
est parameters as shown in Fig. 9. For same size of voltage sag, higher
peaks are obtained in hyper-synchronous speed operation as com-
pared to sub-synchronous speed operation. In hyper-synchronous
speed operation, the stator ﬂux oscillations are more pronounced
as the core is magnetized through both stator and rotor voltages.
Single phase fault (type-B sag) and double phase fault (type-C
sag) with h = 0.5, Δt = 4T (31.00–31.08 sec) as shown in Fig. 3 are
also applied to a 2 MW DFIM at hyper-synchronous speed. The os-
cillations in power taken by machine due to voltage sag are shown
in Fig. 10a. Due to various voltage sags (type-A, type-B and type-
C), the transients in speed proﬁle are depicted in Fig. 10b. Fig. 10
illustrates that the symmetrical voltage sag type-A affects the motor
performance more severely.
5.2. Experimental results analysis
2 kW lamp-load is connected with the DC generator for loading
the DFIM. One quadrant operation of DFIM (hyper-synchronous
speed operation) is achieved by Intelligent Power Module (IPM-
PEC16DSM01, current rating max 10Amps). This IPM is equipped
with diode-bridge converter at grid side and PWM controlled con-
verter at rotor side. Feedbacks are taken through dSPACE-1104
control kit and recorded by dSPACE control-desk software. Hall-
effect based current-sensors are used for measuring rotor side phase
currents and Quadrature Encoder Pulse (QEP) type position encoder
(1024 pulse per revolution) is used for speed and position mea-
surement. In steady state operation, required voltage sag is created
and peaks in stator phase currents, grid side phase currents, and
total power taken from grid are measured by power quality ana-
lyzer (FLUKE-435).
The voltage sag is achieved by rotating three-phase autotrans-
former manually. Particular sag depth and duration is achieved by
hit and trial method. Fig. 7 shows the laboratory experimental setup
diagram used for starting and analysis of DFIM. At time t = 50 sec,
switch S1 is open and S2 is closed and speed is regulated in hyper-
synchronous region. At time t = 100 sec, 0.50 pu load is applied to
the machine. The machine performance during voltage sag is tested
at 0.75 pu load, which is applied at time t = 150 sec. Speed and rotor
phase current are recorded for starting and steady state hyper-
synchronous mode of operation. These recorded data ﬁles are
exported to MATLAB and plotted as shown in Fig. 11a and b, re-
spectively. Stator phase voltage and respective current are sensed
and plotted through 2-channel Tektronix oscilloscope as shown in
Fig. 11c, ensuring Qs = 0 when RSC is activated.
The three-phase RMS grid voltagemagnitude is recorded through
FLUKE-435 and depicted in Fig. 12a and b with sag (h = 0.80,
Δt = 1 sec) and (h = 0.70, Δt = 1 sec), respectively. The correspond-
ing peaks in three-phase RMS stator currents are shown in Fig. 12c
and d, peaks in three-phase RMS grid currents are shown in Fig. 12e
and f and peaks in three-phase instantaneous power and total power
taken from grid are illustrated in Fig. 12g and h. Table 4 repre-
sents the change in magnitudes due to voltage sag.
The three-phase rotor currents are recorded through control-
desk software. These recorded data are plotted as shown in Fig. 13a
in steady-state after exported to MATLAB. For small sag, the DC link
Fig. 7. The DFIM setup for experimental tests.
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voltage reduces and RSC do not lose the control. The correspond-
ing changes in three-phase rotor current are plotted in Fig. 13b. There
is slight reduction in speed and torque, but the system continues
to run for 20% voltage dip (h = 0.80, Δt = 1 sec). Whereas for voltage
sag (h = 0.70 and Δt = 1 sec), the post-sag rotor current peak is high
enough that exceed the current limits of RSC and hence the over-
current protection is enabled in IPM module. In this condition RSC
is disconnected, which makes rotor terminal open and DFIM system
becomes stall. The corresponding rotor currents are plotted in
Fig. 13c.
5.3. Voltage sag ride-through DFIM system
The over-dimension RSC or its disconnection during voltage sag
is the main idea to handle transients in rotor currents during voltage
sag. Although the over-dimensioned RSC needs not to be discon-
nected during sag, higher installation cost makes this technique
undesirable. The voltage sag ride-through DFIM system is pre-
sented in Fig. 14 with three schemes that can also avoid the over-
dimensioned converters [46–50]. These schemes can prevent the
over-voltages and over-currents caused by grid faults in order to
protect the RSC.
The breaking chopper or crowbar protection is triggered when
sag occurs in the grid and DC link voltage increases. In case of small
dip in grid voltage when DC link voltage does not exceed the thresh-
old value, breaking chopper is operated. It limits DC link voltage by
dissipating surplus power through resistance and also limits
maximum rotor voltage in the machine [46]. This solution offers the
advantage of avoiding RSC disconnection.
The Fig. 14 shows the crowbar consists of resistances; three-
phase diode rectiﬁer and one switch that is triggered when DC link
voltage exceeds the threshold value due to voltage sag. After crowbar
 
(c) 
(d) 
(e) 
(a) (f) 
  (g) (b)
Fig. 8. A 2.2 kW DFIM simulation results at 0.75 pu load and 1.1 pu speed (a) torque (pu), speed (pu), stator phase currents (pu), rotor phase currents (pu), stator side re-
active power input (pu) at starting and steady state hyper-synchronous mode of operation (b) stator phase voltage and current in steady state ensuring Qs = 0; comparison
of on-sag and post sag peaks for symmetrical type-A (abrupt) sag h = 0.5, Δt = 4T (3.00–3.08 sec), Φ = 90° (c) stator phase currents, (d) rotor phase currents, (e) torque, (f)
total power taken from grid (g) speed loss.
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action, the slip rings are shorted through crowbar resistors instead
of RSC. Therefore, RSC based control is lost and machine will behave
like squirrel-cage induction machine. The most important param-
eter of the crowbar protection is the resistance value that should
be chosen carefully. The value of resistance should be high enough
to limit the short circuit current and it should be low enough to avoid
too high voltage [47]. Based on these two considerations, an ap-
propriate range of the crowbar resistance can be acquired. The
mathematical formulation for the prediction of minimum and
maximum crowbar resistances is described in Zhang et al. [48].
(a) (b)
Fig. 9. A 2 MW DFIM simulation results at rated load for comparison of on-sag and post sag peaks in stator currents, rotor currents, torque, total power taken by machine
from grid and speed (a) at 1350RPM (sub-synchronous) when subjected to symmetrical type-A (abrupt) sag h = 0.8, Δt = 4T (21.00–21.08 sec), Φ = 90° (b) at 1650RPM (hyper-
synchronous) when subjected to symmetrical type-A (abrupt) sag h = 0.8, Δt = 4T (31.00 – 31.08 sec), Φ = 90°.
(a)
(b)
Fig. 10. A 2MW DFIM simulation results at rated load and 1650 rpm for comparison of on-sag and post sag peaks due type-A, type-B and type-C voltage sag: h = 0.5, Δt = 4T
(31.00–31.08 sec) (a) in total power taken by machine (b) in speed proﬁle.
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(a) Speed profile (b) Rotor phase current (c) Stator phase voltage and current
Fig. 11. A 2.2 kW DFIM experimental test result for starting and steady state operation.
(a)
(c)
(e)
(b)
(d)
(f)
(g)
Total Power
(h)
Total Power
Fig. 12. A 2.2 kW DFIM experimental test results: (a) three-phase RMS grid voltage magnitude in steady state and voltage sag (h = 0.80, Δt = 1 sec) condition corresponding
(c) three-phase RMS stator currents (e) three-phase RMS grid side currents (g) three-phase instantaneous power and total power taken from grid.
(b) three-phase RMS grid voltage magnitude in steady state and voltage sag (h = 0.70, Δt = 1 sec) condition corresponding (d) three-phase RMS stator currents (f) three-
phase RMS grid currents (h) three-phase instantaneous power and total power taken from grid.
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During voltage recovery, quick disconnection of stator can also
avoid high rotor current [49]. The forced commutated antiparallel
thyristors, in series to each stator phase as shown Fig. 14, are capable
to disconnect the stator within 10ms (half cycle). Gate-turn-off thy-
ristors are other options that may lower the disconnection time but
a complex driving circuit is required [50]. Another option can be
IGBT with series connected diode. These switches offer quick dis-
connection with some losses. Without losses, contactor as circuit
breaker is another option but offers higher disconnection time.
During stator disconnection, the ﬂux is interrupted, thereby the DFIM
core is re-magnetized quickly through RSC and stator can be con-
nected to grid.
6. Conclusion
The performance of a 2.2 kW DFIM (three-phase slip ring in-
duction motor) under voltage sag has been studied through
simulation and hardware experiments. Due to voltage sag peaks in
torque, stator currents, rotor currents and total power taken from
grid are considered for analysis in full speed region. Speed loss during
sag is also analyzed. It is conﬁrmed that results obtained from sim-
ulation are similar with experimental results under voltage sag. The
performance of a 2 MW DFIM, under voltage sag has also been
studied through simulation for full speed regions.
The current and torque peaks are always produced when the
voltage drops. On-sag operation, severe speed loss is obtained de-
pending on sag depth and duration. While peaks in stator current,
rotor current and total power taken from grid are more severe in
post-sag duration. These peaks increased further when machine is
operated in hyper-synchronous region. When sag is modeled
abruptly, the peaks aremore severe. However, this effect is smoothed
when sag is modeled discretely. In case of increase in number of
steps in discrete voltage recovery, the effects on DFIM system are
less pronounced. These peaks reduced signiﬁcantly when type-B and
type-C sag are applied for the same durations, hence it is con-
ﬁrmed that voltage sag type-A with abrupt voltage recovery is most
severe.
In an experimental study small voltage sag (h = 0.70 and
Δt = 1 sec) produces rotor current peak, which exceeds the RSC
current limit resulting to enabled protection and deactivated RSC.
It is noted that same RSC is capable to run the system in steady state.
Overall, the operation of DFIM under voltage sag consumes large
amounts of currents (around 3.0 pu) that create torque-frequency
oscillation.
Table 4
Change in magnitudes due to different voltage sag.
Voltage sag
(abrupt recovery)
Peak in RMS
stator current
Peak in RMS
grid current
Peak in instantaneous/
total power
depth
(h)
Duration
(Δt) sec
0.8 1 +79% +38% +40%
0.7 1 +150% +142% +145%
(a) (b) (c)
1 2 3 4 5 6 7 8
-30
-20
-10
0
10
20
30
Time (sec)
R
ot
or
 c
ur
re
nt
1 2 3 4 5 6 7 8
-30
-20
-10
0
10
20
30
Time (sec)
R
ot
or
 c
ur
re
nt
1 2 3 4 5 6 7 8
-30
-20
-10
0
10
20
30
Time (sec)
R
ot
or
 c
ur
re
nt
Fig. 13. Experimental three-phase rotor currents at 0.75 pu load and 1.1 pu speed. (a) In steady state healthy condition and in voltage sag conditions (b) when sag (h = 0.80,
Δt = 1 sec start at 4 sec) (c) when sag (h = 0.70, Δt = 1 start at 4 sec).
Fig. 14. Voltage sag ride-through DFIM system [46–50].
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Various methods are discussed for voltage sag ride-through DFIM
system, which offers RSC disconnection or stator side disconnec-
tion. In RSC disconnection, RSC based control is lost and machine
runs as squirrel cage motor. Stator side disconnection during sag
offers reduced stator ﬂux oscillations and better performance in post-
sag duration. It is noted that additional hardware for voltage sag
ride-through or system modiﬁcation shall increase in system
complexity.
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Appendix A
The ﬂux are given as
  
Ψss s ss m rsL i L i Stator reference frame= + ( ) (A.1)  
Ψrr m sr r rrL i L i Rotor reference frame= + ( ) (A.2)
The conversion between reference frames takes place through
following relation
 
X Stator ref frame e X rotor ref frames j rm. .( ) = ∗ ( )θ (A.3)
The Equations (A.1) and (A.2) can be presented as follows
  
Ψss s ss m j rrL i L e im= + θ (A.4)
  
Ψrr m j ss r rrL e i L im= +− θ (A.5)
The

iss is calculated from Equation (A.4) and put in Equation (A.5);
the expression for

Ψrr is as follows:
  
Ψ Ψrr m
s
s
r
r r
rL
L
L i= + σ (A.6)
where σ = −1
2L
L L
m
s r
.
Appendix B
2.2 kW DFIM parameters
Stator: 415 V, 4.7 A, star-connected
Rotor: 185 V, 7.5 A, star-connected
Parameter Symbol Actual value in SI unit.
Stator resistance (Rs) 4.42 Ω
Rotor resistance ( ′Rr ) 3.51 Ω
Stator inductance (Ls) 323.21 mH
Rotor inductance ( ′Lr ) 323.21 mH
Stator leakage inductance ( Lls) 25.71 mH
Rotor leakage inductance ( ′Llr) 25.71 mH
Magnetizing inductance (Lm) 297.5 mH
Machine rotor inertia (J) 13.695 g m2
Friction factor (B) 0.033 g m2/s
Number of poles pairs (p) 2
Appendix C
Photograph of experimental set-up of the DFIM system
Lamp load
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DC generator
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Stator side measurement
Grid side 3-phase 
auto transformer
Rotor side 3-phase 
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Starting switchQEP type speed -sensor
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current sensor)
IPM input 
measurement
Control pulses from 
dSPACE to IPM
And
Feedback to 
dSPACE
  
dSPACE 
control kit
Online feedback 
recording through 
control-desk software
3-phase supply
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Nomenclature
k kpr ir, Proportional and integral gains, rotor side current
controller
k kp Q i Q( ) ( ), Proportional and integral gains, for reactive power input
controller
k kp iω ω( ) ( ), Proportional and integral gains, for speed controller
h Voltage sag depth
ims Stator ﬂux magnetizing current
ir Rotor current
is Stator current
Lm Magnetizing inductance
Ls, Lr Stator and rotor winding, inductances/phase
pu Per unit
Qs Stator side reactive power input
Rs, Rr Stator and rotor winding, resistances/phase
ua, ub, uc Phase voltages
uab, ubc, uca Line voltages
ur Rotor voltage
us Stator voltage
Δt Voltage sag duration
σ Leakage coeﬃcient
ψs Stator magnetizing ﬂux
ωr Rotor angular speed (electrical)
ωs Stator ﬂux angular frequency
ωsl Slip angular frequency
Second subscript
a,b,c Three phases
d, q Synchronous reference frame
Superscript
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